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Generally, histone deacetylase (HDAC) inhibitor-induced p21**"™/<'P! expression is thought to be p53 indepen-
dent. Here we found that an inhibitor of HDAC, depsipeptide (FR901228), but not trichostatin A (TSA), induces
p21WVafVCipt expression through both p53 and Sp1/Sp3 pathways in A549 cells (which retain wild-type p53). This is
demonstrated by measuring relative luciferase activities of p21 promoter constructs with p53 or Sp1 binding site
mutagenesis and was further confirmed by transfection of wild-type p53 into H1299 cells (p53 null). That p53 was
acetylated after depsipeptide treatment was tested by sequential immunoprecipitation/Western immunoblot anal-
ysis with anti-acetylated lysines and anti-p53 antibodies. The acetylated p53 has a longer half-life due to a significant
decrease in p53 ubiquitination. Further study using site-specific antiacetyllysine antibodies and transfection of
mutated p53 vectors (K319/K320/K321R mutated and K373R/K382R mutations) into H1299 cells revealed that
depsipeptide specifically induces p53 acetylation at K373/K382, but not at K320. As assayed by coimmunoprecipi-
tation, the K373/K382 acetylation is accompanied by a recruitment of p300, but neither CREB-binding protein
(CBP) nor p300/CBP-associated factor (PCAF), to the p53 C terminus. Furthermore, activity associated with the
binding of the acetylated p53 at K373/K382 to the p21 promoter as well as p21"*™/CiP! expression is significantly
increased after depsipeptide treatment, as tested by chromatin immunoprecipitations and Western blotting, re-
spectively. In addition, pS3 acetylation at K373/K382 is confirmed to be required for recruitment of p300 to the p21
promoter, and the depsipeptide-induced p53 acetylation at K373/K382 is unlikely to be dependent on p53 phos-
phorylation at Serl5, Ser20, and Ser392 sites. Our data suggest that p53 acetylation at K373/K382 plays an

important role in depsipeptide-induced p21**/<P!1

expression.

p53 is a short-lived protein and is sustained at low levels in
normal physiological conditions (40, 45). In unstressed mam-
malian cells p53 is continually ubiquitinated by interacting with
MDM2 (23, 57, 62), COP1 (15), Pirh2 (44), and ARF-BP1 (9).
Subsequently p53 protein is degraded by the 26S proteasome
(5, 30). However, p53 is maintained at a relative high level by
posttranslational modifications in response to various stresses.
The principal posttranslational modifications of p53 in response
to DNA damage include phosphorylation and acetylation (22,
25, 31, 43, 67), through which p53 exerts its biochemical func-
tions. Transcriptional coactivators p300/CREB-binding protein
(CBP) and p300/CBP-associated factor (PCAF) were reported to
acetylate p53 at K373/K382 and K320, respectively (25, 48, 49),
and the lysine acetylation at these sites is linked to its ability to
regulate cell cycle arrest and apoptosis (26, 34, 52). Further-
more, these two processes of p53 posttranslational modifica-
tions are interrelated (5, 29, 66). For example, in response to
UV or irradiation, the N terminus of p53 firstly becomes phos-
phorylated at Ser33 and Ser37 and, in turn, phosphorylated
pS3 activates p300 and PCAF to induce p53 acetylation at
K373/K382 and K320, respectively (43, 66). In addition, phos-
phorylation of p53 at the Ser20 or Thrl8 site plays a critical
role in stabilizing the p300-p53 complex (12, 53), and phos-
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phorylation of p53 at Ser15 increases binding to CBP (43) and
p300 (16). Recently, it was reported that p53 C-terminal phos-
phorylation induced by CHK1 and CHK2 also modulates C-
terminal acetylation in responding to DNA damage (63).
These data indicate that p53 modulation is a complex process,
and the biological consequences of p53 activation induced by
certain stimuli may be dependent on p53 posttranslational
modifications at multiple sites.

There is controversy generated by reports regarding the
functions of the acetylated p53 (3, 17, 25, 49, 56, 66). Whether
the acetylated p53 increases its DNA binding as well as down-
stream transcriptional activity is the central question of this
controversy. It has been hypothesized that p53 is latent in
normal conditions and becomes active when cells are exposed
to DNA damage or other genotoxic agents, during which p53
is phosphorylated and acetylated and, in turn, accumulates in
the nucleus at its target genes (25, 31, 49, 66, 68). Stress-
induced activation of p53 is due to a modification of its C
terminus leading to the release of negative regulation of DNA
binding exerted by the C terminal region (25, 49, 66). This
model has been demonstrated in the assays with C terminus
deletion (1, 61), lysine site mutations (18), and posttransla-
tional modifications (25, 66, 70). In contrast, Espinosa and
Emerson indicated that binding of p53 to its target site (such as
the p21 promoter) does not require C-terminal modification by
acetylation (17). Dornan et al. reported that site-specific acet-
ylation of p53 was DNA dependent; deletion of the p53 proline
repeat allows p53 to bind to p21, but p53 was unable to be
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acetylated, indicating that proline-directed acetylation of p53 is
a post-DNA binding event (13, 14). Furthermore, phosphory-
lation of the C-terminal regulatory domain of p53 (such as at
Ser392) by casein kinase II (CK2) promotes DNA binding and
induces a site-specific DNA- and p300-dependent acetylation
(7, 32). In addition, other reports showed that p53 binds to the
p21 promoter in vitro and in vivo in the absence of DNA
damage or extensive modifications of the C terminus (3, 39).
However, the above hypotheses are based on experimental
data from deletions of p53 or DNA damage, neither of which
is a physiological condition. It is thus important to test whether
p53 acetylation influences DNA binding by intact p53 and the
transcriptional activity of p53’s target genes in the absence of
DNA damage.

Histone deacetylase (HDAC) inhibitors have been exten-
sively studied in basic biological research to gain an under-
standing of basic chromatin structure and transcriptional con-
trol and have recently been introduced as potential clinical
treatments for cancer (36, 54, 55, 71, 74). Generally, HDAC
inhibitors induce accumulation of hyperacetylated nucleosome
core histones and cause transcriptional activation of genes
(36). In addition, HDAC inhibitors are reported to induce
acetylation of nonhistone proteins (8, 25). However, although
the commonly laboratory HDAC inhibitor trichostatin A
(TSA) can acetylate p53, it primarily acetylates p53 under the
conditions in which cells were irradiated with gamma rays (69)
and UV (10, 34) or were irradiated in combination with addi-
tion of another HDAC inhibitor, nicotinamide (51). Therefore,
a new and more powerful HDAC inhibitor is needed for the
study of p53 acetylation. Depsipeptide is a novel and effective
HDAC inhibitor (59), and its efficacy of suppressing histone
deacetylases is 10 times that of TSA in human cancer cell lines
(65,73, 75). Depsipeptide therefore is a potential candidate for
the study of p53 acetylation due to its characteristics of greater
efficacy and duration of action.

In this study, human lung cancer cell lines A549 (with wild-
type p53) and H1299 (null p53) were treated with depsipeptide
to test changes of p53 acetylation. When assayed for relative
luciferase activity using mutagenized p21 promoters and trans-
fection of wild-type p53 into H1299 cells, depsipeptide-induced
p21Wafl/Cipl expression is shown to be partly through p53 acet-
ylation. Furthermore, the depsipeptide-induced p53 acetyla-
tion is site specific: depsipeptide acetylates p53 at K373/K382
only, not at K320. Finally, depsipeptide-induced p53 acetyla-
tion is sufficient to increase its DNA binding as well as tran-
scriptional activity at the p21 promoter.

MATERIALS AND METHODS

Cell culture and chemical treatments. Human lung cancer cell lines A549 and
H1299 were grown in RPMI 1640 supplemented with 10% fetal bovine serum
(heat inactivated at 56°C for 45 min) and the appropriate amount of penicillin/
streptomycin in a 37°C incubator with a humidified, 5% CO, atmosphere.
HDAC inhibitor depsipeptide at 0.05 M to 0.2 uM or TSA at 0.25 uM to 2 pM
was added into cells for 6 to 24 h, and then cells were washed with cold
phosphate-buffered saline (PBS) twice. The HDAC inhibitor-treated cells were
then incubated at 37°C for 0 to 24 h. Control cells were treated with dimethyl
sulfoxide for similar time periods.

Western blotting. Protein expression was detected by Western blotting as
previously described with minor modifications (73). Equal amounts of proteins
(100 to 150 pg) were size fractionated by 9 to 15% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis. The antibodies used are anti-p21Wafl/Cip1
(F-5; Santa Cruz), anti-p53 (DO-1 and Bp53-12; Santa Cruz), PCAF (C-16;
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Santa Cruz), p300 (H-272; Santa Cruz), CBP (A-22; Santa Cruz), HDACI1 (H-11;
Santa Cruz), ubiqitin (P4D1; Santa Cruz), a-tubulin (Santa Cruz), and anti-
acetyl-p53 (Lys373 and -382 and Lys320; Upstate). Other antibodies used in this
study include anti-p53 (P240, Calbiochem) and anti-Ser15, anti-Ser20, and anti-
Ser392 (Cell Signaling).

Site-directed mutagenesis. A p53 mutant (K373R/K382R) construct was gen-
erated using a site-directed mutagenesis kit (QuikChange; Stratagene, La Jolla,
CA). A wild-type p53 expression vector (pCIneo with full-length p53 cDNA) (73)
was used as the mutagenesis template. Wild-type p53 was mutated at K373R/
K382R sites, following the manufacturer’s directions. Primers used for the mu-
tagenesis are the following sequences: p53-373R-up, 5'-CAC CTG AAG TCC
AAA AG(A)G GGT CAG TCT ACC TC-3"; p53-373R-down, 5'-GA GGT
AGA CTG ACC CC(T)T TTT GGA CTT CAG GTG-3'; p53-382R-up, 5'-CTA
CCT CCC GCC ATA AAA G(A)AC TCA TGT TCA AGA-3'; p53-382R-down,
5'-TCT TGA ACA TGA GTC(T) TTT TAT GGC GGG AGG TAG-3'. In these
primers, underlined italic nucleotides indicate the replaced nucleotides and the
nucleotides in parentheses indicate the original nucleotides.

Transient transfection and measurement of relative luciferase activity. Vec-
tors used for transfections in this study include the wild-type p53 vector (73),
pWWP-Luc, pWWP-p53 mutl-Luc, pWWP-p53 mut2-Luc (60, 72), the Sp1-3
mutated p27 promoter (a gift from Christian Seiser), mutant lys320/373/381/382
p53, and mutant lys319/320/321 p53 (lysine codons at these sites are replaced
with arginine codons) (gifts from Shelley Berger). The human wild-type p21
promoter luciferase fusion plasmid, pWWP-Luc, contains two p53 binding sites
with 2.4 kb upstream of the translational start sites. pWWP-p53 mutl-Luc, which
contains a mutated version of the first p53 binding site, GAACA (—2234
to —2230 relative to the translational start site), was replaced with GAAAC, and
pWWP-p53mut2-Luc, which contains a mutated version of the second binding
site, AGACT (—1344 to —1340 relative to the translational start site), was
replaced with AGAAT (72). The Spl-3-mutated p2]/ promoter contains two
intact p53 binding sites and the Sp1-3 mutation site (42).

Extraction of nuclear proteins. Nuclear protein was extracted as described
previously with modifications (75). Briefly, 107 A549 cells were scraped into a
1.5-ml tube and centrifuged at room temperature for 5 min at 1,000 rpm. The cell
pellet was washed with 1 to 2 ml of cold PBS and then centrifuged at 1,500 rpm
for 20 to 30 s at 4°C. The resulting pellet was incubated in buffer A (10 mM
HEPES [pH 7.9], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol [DTT], 0.5
mM phenylmethylsulfonyl fluoride [PMSF], protease inhibitor cocktail) and then
incubated on ice for 15 min. The cells were centrifuged at 1,500 rpm for 5 min
at 4°C, and the resulting pellet was resuspended in buffer A and homogenized
with a glass homogenizer (Kontes Glass Co., Vineland, N.J.). The cells were
checked under a microscope with trypan blue, and the presence of >90% free
nuclei was confirmed. After centrifugation at 1,000 rpm and 4°C, the supernatant
was discarded, and the pellet was suspended in 1/2 volume of buffer B (20 mM
HEPES, 0.2 mM EDTA, 1.5 mM MgCl,, 0.02 M KCl, 25% glycerol, 0.5 mM
DTT, 0.5 mM PMSF, protease inhibitors). The suspension was then gently
resuspended in 1/2 volume of buffer C (20 mM HEPES, 0.2 mM EDTA, 1.5 mM
MgCl,, 1.2 M KCl, 25% glycerol, 0.5 mM DTT, 0.5 mM PMSF, protease inhib-
itors), incubated at 4°C for 30 min with rotation, and then centrifuged at 4°C at
14,000 rpm for 30 min. The nuclear protein was then dialyzed three times against
dialysis buffer (20 mM HEPES, 0.2 mM EDTA, 0.1 M KCl, 20% glycerol, 0.5
mM DTT, 0.5 mM PMSF, protease inhibitors) for 2 h each time. Finally, the
concentration of nuclear protein was determined and saved at —80°C for exper-
iments.

Chromatin immunoprecipitation (ChIP) assay. A549 cells were cross-linked
with 1% formaldehyde for 10 min at 37°C and then washed with cold PBS. The
cell pellet was resuspended in 0.3 ml of lysis buffer (1% SDS, 100 mM NaCl, 50
mM Tris-HCI, pH 8.1, 5 mM EDTA), followed by sonication to an average DNA
length of 500 to 1,000 bp. Antibodies were added to each of the samples, which
were then rotated at 4°C overnight. After interaction with protein A beads and
incubation overnight at 65°C to reverse the cross-links, the DNA was dissolved in
Tris-EDTA buffer and analyzed by PCR. The antibodies anti-p53 (Bp53-12),
anti-acetylated p53 (K373/382 and K320), anti-p300, anti-CBP, and anti-PCAF were
added separately into reaction solutions. Primers used for PCR were from
p21WatlCipl promoter sequences: 5'-CTCACATCCTCCTTCTTCAG-3' (sense)
and 5'-CACACACAGAATCTGACTCCC-3' (antisense).

Measurement of the half-life of endogenous p53. A549 cells were treated with
cycloheximide (CHX; 10 pg/ml) in the presence or absence of depsipeptide at 0.1
M for different times. The treated cells were then harvested and extracted with
radioimmunoprecipitation assay buffer (2.5 mM Tris, pH 7.4, 150 mM KCl, 5
mM EDTA, 1% NP-40, 0.5% Na deoxycholate, 0.1% SDS). The proteins were
analyzed by Western blotting with anti-p53 (DO-1).



2784 ZHAO ET AL.

cr - Oh 6h 18h 24h 36h
A S mem o b S s 21

tubulin

S S St S— —

B LY
) n b
N HY ¥
& P o
B | - ——— p2l
— i S e [UDUIIN

FIG. 1. Depsipeptide induces p21WV*'/CiP1 expression with time-
and dose-dependent manner. Representative Western blots indicate
that A549 cells were treated with depsipeptide at 0.1 uM for 6 h and
proteins were then extracted at different times after treatment (A), or
cells treated at different concentrations of depsipeptide for 6 h then
incubated at 37°C for 18 h (B). a-Tubulin as a loading control is shown
under every panel. ctr, control.

Coimmunoprecipitation (Co-IP). Cells were harvested and then lysed in lysis
buffer (1% NP-40, 150 mM NaCl, 50 mM Tris, 0.05% SDS, 1 mM PMSF, and a
1% cocktail of protease inhibitors) on ice for 20 min. After centrifugation at 4°C
at 13,000 rpm for 10 min, antibodies were added to the supernatant on ice for 1 h.
Agarose G was then added to the samples, and the samples were rolled at 4°C for
1 h. After the beads were washed three times with lysis buffer, the pellets were
dissolved into 2X SDS loading buffer after centrifugation. The protein was
analyzed by Western blotting with different antibodies.

Gamma ray irradiation. A549 cells were irradiated with gamma rays at 1
Gy/min at different intervals. The irradiated cells were washed immediately after
irradiation, fresh medium was added, and then cells were incubated at 37°C.
Proteins were then extracted for further analysis.

RESULTS

Depsipeptide induces p21W*/“P! expression through p53

and Spl. A line of evidence has confirmed that HDAC inhib-
itors induce p21WV*f/CiP! expression through Spl (20, 60). In
this study, depsipeptide induced significant p21"Vaf/CiP! ex.
pression in a dose-dependent manner in A549 cells and max-
imum p21W4CP! expression was observed at 18 h after depsi-
peptide treatment, as shown in Fig. 1A and B. To determine
the role of p53 in depsipeptide-induced p21W/<iPl expres-
sion, a wild-type human p2I promoter luciferase fusion plas-
mid and two p21 promoter plasmids with mutated p53 binding
sites were transfected into A549 cells, followed by depsipeptide
treatment. Figure 2A clearly shows that the depsipeptide-in-
duced increase in the relative luciferase activity of the p21
promoter was much decreased when p53 binding sites of the
p21 promoter are mutated, when compared to the wild-type
p21 promoter. It is likely that the first p53 binding site (—2234
to —2230 relative to the translational start site) is more impor-
tant than the second p53 binding site (—1344 to —1340 relative
to the translational start site) in activating depsipeptide-in-
duced p21Waf/CiPl expression (for example, compared to the
wild-type p21 promoter, depsipeptide-induced relative lucifer-
ase activity was decreased 4.2-fold in the cells transfected with
the plasmid having the first p5S3 binding site mutated whereas
it was decreased only 1.2-fold in the cells transfected with the
plasmid having the second p53 binding site mutated). In addi-
tion, a full-length p27 promoter luciferase fusion plasmid with
a mutated Sp1-3 binding site but intact p53 binding sites was
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FIG. 2. Depsipeptide induces p21W/CiPl expression through both

p53 and Spl. A wild-type p21 promoter luciferase fusion plasmid
(pWWP-Luc) and three plasmids with mutated p2I promoters (pWWP-
p53 mutl-Luc, pWWP-p53 mut2-Luc, and pWWP-Sp1-3-mut-Luc),
were transfected into A549 cells. At 24 h after transfection, depsipep-
tide (0.1 pwM) or TSA (2 wM) was added onto the cells for 6 h.
Eighteen hours after depsipeptide or TSA treatment, cells were har-
vested and relative luciferase activity was measured (A). The luciferase
activity was normalized for the amount of protein in the cell lysate. All
of the luciferase experiments were carried out at least three times in
triplicate. Plasmids with wild-type p53 were transfected into H1299
cells, and depsipeptide (0.1 wM) was added into cells for 6 h. Eighteen
hours after depsipeptide treatment, cells were harvested and protein
was extracted for Western immunoblot analysis with anti-p53 (P240)
(B) and anti-p21 (C). In addition, H1299 cells were treated as for panel
B, and RNA was extracted for RT-PCR assay to detect changes in p21
mRNA (D). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) is
a loading control for the RT-PCR.

transfected into A549 cells to confirm the role of p53 in dep-
sipeptide-induced p21WV*fV<iP! expression. Depsipeptide still
induces a 2.2-fold increase in the luciferase activity when the
plasmid with the Sp1-3-mutated p2] promoter was transfected
(Fig. 2A). This result indicates that the Sp1-3 binding site is
critical for p21Waf/iP! expression, and p53 also plays a role in
depsipeptide-induced p21WV*f/CP! expression. Although TSA,
a specific inhibitor of HDAC, has been reported to induce
significant p21W*/<iP! expression (21, 60), we found this effect
to be p53 independent in this study. For example, TSA-in-
duced relative luciferase activity of the p2/ promoter was not
changed when A549 cells were transfected with the plasmid
with the wild-type p21 promoter or two p2I plasmids with
mutated p53 binding sites (mutl-Luc and mut2-Luc) (Fig. 2A).
(The relative luciferase activities are increased about 3.1-fold,
3.36-fold, and 3.05-fold when cells were transfected with the
full-length p27 promoter, mutl-Luc, and mut2-Luc, respec-
tively, compared to untreated cells after cells were treated with
depsipeptide at 0.1 uM for 6 h.) Interestingly, the luciferase
activity is not changed by TSA compared to untreated cells
when cells were transfected with the plasmid having a p21
promoter with a mutated Sp1-3 binding site (Fig. 2A), indicat-
ing that TSA may induce p21W*V/<P! expression only by the
Sp1-3 site. Next, p53’s role in depsipeptide-induced p21™Waf/<ir!
expression was further confirmed by using p53-transfected
H1299 cells (Fig. 2B). Depsipeptide could induce a moderate
increase in p21Wa/CiP! expression in H1299 cells; however,
p21Watl/Cipl expression was obviously enhanced by depsipep-
tide when cells were transfected with wild-type p53 (Fig. 2C).
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FIG. 3. Depsipeptide induces p53 acetylation. Representative Western blots show changes of p53 amount, in which A549 cells were treated with
depsipeptide at different concentrations for 6 h (A) or at 0.1 pM for different incubation times after treatment (B). Proteins were extracted for
Western blotting by using anti-p53 (P240 for panel A and DO-1 for panel B; these antibodies recognize full-length p53 and the N terminus of p53,
respectively). A further RT-PCR assay was performed for testing changes in p53 mRNA at different intervals after treatment with depsipeptide
(C). GAPDH is a loading control for the RT-PCR. (D) Cells were also treated with depsipeptide at different concentrations, and Western blotting
was performed by using anti-p53 (Bp53-12, recognizing the unmodified C terminus). a-Tubulin, as a loading control, is shown under panels A, B,
and D. (E) Cells were treated with depsipeptide at different concentrations, and protein was extracted for Co-IP by using antiacetyllysine antibody,

followed by Western immunoblotting with anti-p53 (DO-1). ctr, control.

Since p21W*fVCiPl can also be subject to posttranscriptional
modification, a reverse transcription-PCR (RT-PCR) was per-
formed. Results indicate that p21 mRNA is also significantly
increased by depsipeptide treatment in a pS3-dependent manner
(Fig. 2D). These data suggest that depsipeptide may induce
p21Wa/EiPL expression through both p53 and Spl pathways.
Depsipeptide induces p53 acetylation and prolongs p53
half-life through posttranslational modifications. To investi-
gate whether depsipeptide-induced p21™*™/“iP! expression re-
sults from an enhancement of p53 expression, Western blotting
was performed to detect changes of p5S3 amount in the depsi-
peptide-treated A549 cells. Figure 3A and B show that depsi-
peptide does not induce an increase in p53 expression in either
a dose- or time-dependent manner when analyzed with anti-
full-length p53 (P240) and anti-N terminus of p53 (DO-1),
respectively. To further determine whether p53 activity in gene
expression is changed by depsipeptide treatment, RT-PCR was
performed to see the readout of p5S3 mRNA in depsipeptide-
treated cells. Figure 3C shows that p53 mRNA is not obviously
changed upon depsipeptide treatment in A549 cells. However,
a significant decrease in detectable p53 expression was ob-
served by using anti-C terminus of p53 (Bp53-12) when A549
cells were treated with depsipeptide (Fig. 3D). These data
imply that a modification in the C terminus of p53 induced by
depsipeptide may interfere with the recognition of anti-p53
(Bp53-12) by the p53 molecule. Subsequently, an antiacetyl-
lysine antibody was used for detecting total lysine acetylation
of depsipeptide-treated A549 cells. By performing Co-IP with an
antilysine antibody and then probing with an anti-p53 antibody
(DO-1), a significant increase in p53 acetylation in a dose-depen-
dent manner was confirmed in the depsipeptide-treated cells (Fig.
3E). Therefore, the apparent decrease in p53 levels seen with

Bp53-12 (but not seen with DO1 or p240) is actually due to a
change in the epitope (by lysine acetylation) recognized by Bp53-
12, leading to decreased binding by the antibody.

One of the consequences of p53 acetylation is a decrease in
p53 degradation (33, 64). To evaluate the mechanism for this,
A549 cells were treated with CHX, an inhibitor of protein
synthesis, at 10 uM for up to 2 h alone or with depsipeptide at
0.1 M. Western immunoblots shown in Fig. 4A indicate that
depsipeptide significantly prolongs the half-life of p53. This
extension of p53’s half-life comes from a decrease in the ubig-
uitination of p53. As shown in Fig. 4B, proteins of cells with or
without depsipeptide treatment were immunoprecipitated with
anti-p53 (DO-1) and then incubated with antiubiquitin anti-
body for performing Western immunoblotting. p53-conjugated
ubiquitin in the depsipeptide-treated cells is greatly decreased
compared to that in the cells without depsipeptide treatment
(Fig. 4B), although total p53 expression was not changed after
depsipeptide treatment by using anti-p53 (DO-1) (Fig. 4C).
These data demonstrate that the acetylated p53 induced by
depsipeptide has dramatically decreased ubiquitination and,
therefore, a much more protracted half-life in the treated cells.
The lag time in sustained p53-induced expression of its down-
stream targets, such as p21, may be dependent on received
stimuli. For example, p21W*/“iP! expression is increased at
6 h after irradiation-induced p53 overexpression and at 72 h
after hydroxyurea-induced p53 expression (24). The depsipep-
tide-induced p21V*™/“Plexpression is maximally increased at
18 h after p53 acetylation in this study (Fig. 1 and Fig. 3), which
may come from the p53 stabilization.

Depsipeptide specifically acetylates p53 at K373/K382, but
not at K320. It is well demonstrated that ionizing irradiation
activates p53 by phosphorylating p53 at specific sites and acety-
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FIG. 4. Depsipeptide prolongs p53 half-life. (A) Representative
Western blots for A549 cells treated with CHX (10 pg/ml) alone or
with depsipeptide at 0.1 pM for different times as indicated. Nu-
clear proteins were extracted for Western blotting with anti-p53
(DO-1). a-Tubulin as a loading control is shown in the lower panel.
Protein bands were scanned with a phosphorimager, and relative
band intensities were normalized for each a-tubulin band. The band
intensity at 0 minutes after depsipeptide treatment was set as 100%.
The numerical value of each band intensity represents the percent-
age of band intensity with respect to that at zero time. (B) A549
cells were treated with or without depsipeptide at 0.1 uM for 6 h
with proteasome inhibitors N-acetyl-L-leucyl-L-leucyl-L-norleucine
and MG132, both at 25 pM. The treated cells were then lysed and
immunoprecipitated (IP) with anti-p53 (DO-1), immunoprecipi-
tated proteins were size fractionated by SDS-polyacrylamide gel
electrophoresis, and then Western immunoblotting was performed
with antiubiquitin. ctr, control. (C) Western blotting with p53 (DO-1)
as a control, indicating the same amount of p53 in both lanes.

depsipeptide
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lating p53 at lysine 320 and lysine 373/382 through PCAF and
p300, respectively (48, 49). To detect whether depsipeptide
induces p53 acetylation at the same sites as irradiation does,
antibodies specific for p53 acetylation at K320 and K373/K382
were used in this study. Gamma ray irradiation (8 Gy) induces
acetylation of p53 at K320 and at K373/K382 (Fig. SA and B).
Interestingly, depsipeptide could induce acetylation of p53 at
K373/K382 but not at K320 (Fig. 5SA and B). With TSA, a
significant increase in p53 acetylation at K320 was observed;
however, TSA could not induce an increase in p53 acetylation
at K373/K382 in A549 cells (Fig. 5B). To further investigate
the reason for depsipeptide-induced lysine acetylation at these
specific residues, a Co-IP assay was performed to test the
interaction of coactivators (PCAF and p300/CBP, with activity
of histone acetylases) and p53 in the treated cells. Figure 5C
shows that depsipeptide induces a recruitment of p300 to p53
(DO-1); however, depsipeptide could not enhance interactions
of CBP and PCAF with p53. These data suggest that depsipep-
tide may specifically enhance recruitment of p300 to p53 and
thus induce p53 acetylation at K373/K382.

P53 acetylation at K373/K382 is required for depsipeptide-
induced p21"*™/<iPL expression. To investigate the role of p53
acetylation at K373/K382 in the activation of the p27 promoter,
a ChIP assay was performed. Figure 6A shows that depsipep-
tide (0.1 uM for 6 h) significantly increases the binding of
acetylated p53 at K373/K382 to the p2/ promoter (4.3-fold
increase) in A549 cells. In contrast, a significant decrease in the
binding of the C terminus of p53 to the p2/ promoter was
observed in the ChIP assay with anti-Bp53-12 (anti-C termi-
nus) (2.5-fold decrease), indicating that acetylated p53 prefer-
entially binds to the p2I promoter under these conditions.
Consistent with the results above, depsipeptide could not in-
crease the binding of acetylated p53 at K320 to the p2I pro-
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FIG. 5. Depsipeptide specifically enhances recruitment of p300 to the C terminus of p53 and acetylates p53 at K373/K382. Representative
Western blots indicate changes of p53 acetylation at K320 (A) and K373/K382 (B), in which A549 cells were exposed to gamma rays at 8 Gy (left
panel), depsipeptide (0.01 to 0.1 wM, for 6 h) (middle panel), and TSA (1 wM for 12 h) (right panel). a-Tubulin as a loading control is shown under
every panel. ctr, control. (C) A549 cells also were treated with different concentrations of depsipeptide for 6 h, and protein was extracted for
performing Co-IP with anti-CBP, -p300, and -PCAF, followed by Western immunoblotting with anti-p53 (DO-1). (D) Western blots produced by
reprobing with the same anti-p300, anti-CBP, and anti-PCAF as those used for determining IP efficiency.
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FIG. 6. Depsipeptide-induced p53 acetylation increases DNA
binding to the p2/ promoter as well as transcriptional activities.
(A) ChIP assay with antibodies against p53 acetylated at K373/K382
(lanes 3 and 4) or anti-Bp53-12 (lanes 5 and 6) for a specific sequence
of the p21 promoter in A549 cells treated with or without depsipeptide
at 0.1 pM for 6 h. Bands without antibody show negative controls
(lanes 7 and 8). Lanes 1 and 2 show an input signal. (B) ChIP assay
with antibodies against p53 acetylated at K320 for a specific sequence
of the p21 promoter in A549 cells treated with or without depsipeptide
at 0.1 uM for 6 h as indicated. (C) H1299 cells were transfected with
plasmids containing wild-type p53 (lanes 1 to 4) or mutant p53 K373R/
K382R (lanes 5 to 8) and then treated with depsipeptide at 0.1 uM for
6 h. A ChIP assay was then performed with anti-p53 (DO-1) for the
p21 promoter. The input PCR signals were set at 100%, and the
numerical values of the ChIP signal represent the percentages of input.
(D and E) Representative Western blots for plasmids with p53 mu-
tated at K319/K320/K321R or K373R/K382R. Plasmids were trans-
fected into H1299 cells, and then depsipeptide at 0.1 pM was added
into the cells for 6 h for testing the changes of p53 (D) or p21Waf/Cipt
(E), respectively. a-Tubulin as a loading control is shown under panel
E. The numerical values of band intensity from Western blots repre-
sent the percentages of the untreated control.

moter (Fig. 6B). To further demonstrate that depsipeptide-
induced p21 expression is through p53 acetylation at K373/
K382, a plasmid encoding p53 with K373R/K382R mutations
was generated by mutagenesis PCR. The wild-type p53 plasmid
and the mutated p53 plasmid (K373R/K382R) were trans-
fected into H1299 cells, and then a ChIP assay was performed
after depsipeptide treatment. Figure 6C shows that depsipep-
tide could not induce an increased binding to the p27 promoter
when the p53 plasmid encoding the K373R/K382R mutations
was transfected into cells. These results clearly indicate that
p53 K373/K382 sites are specific sites for depsipeptide-induced
p21Wafl/CiPl expression.

Subsequently, for further functional testing of whether dep-
sipeptide-induced p2! activation is due to p53 acetylation at
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FIG. 7. p53 acetylated at K373/382 is required for recruitment of
p300 to the p21 promoter. A549 cells were treated with depsipeptide at
0.1 uM for 6 h and then harvested for ChIP assay with a special
sequence of the p21 promoter by using anti-p300 (B), -CBP (C), and
-PCAF (D), respectively. (A) Inputs. (E to G) A ChIP assay with the
p21 promoter was also performed by using anti-p300 in H1299 cells
(E) or in H1299 cells transfected with p53 mutated at K373R/K382R
(F) or wild-type p53 (G), with or without depsipeptide treatment.
Inputs are shown at the left. The numerical values of ChIP signal
represent the percentages of inputs.

K373/K382, two p53 plasmids encoding mutations at specific
sites (p53 mutations at K319/K320/K321R and p53 mutations
at K373R/K382R) were transfected into H1299 cells to detect
depsipeptide-induced p21W*/<iP1 expression. Depsipeptide-
induced p21WV*TVCP! expression is dependent upon lysines at
K373/K382 (Fig. 6E). For example, depsipeptide could induce
a significant increase in p21W/CiP! expression in the trans-
fected cells with wild-type p53 and p53 mutations at K319/
K320/K321R (Fig. 6E), but not in the cells with p53 mutations
at K373R/K382R (Fig. 6E) although the p53 levels are not
obviously changed by depsipeptide in the both types of plas-
mid-transfected cells (Fig. 6D). These data imply that p53
acetylation-induced p21WV*™/CP! expression may be dependent
on specific acetylation of p53 lysine sites, such as K373/K382.

Enhancement of p300 recruitment to the p21 promoter after
depsipeptide treatment is dependent on p53 acetylation. To
further determine whether depsipeptide-induced p21Waf/cip!
expression may be partly due to a direct recruitment of co-
activators to the p21 promoter, a ChIP assay with anti-p300,
-CBP, and -PCAF was performed. Figure 7A to D show that
depsipeptide could induce a recruitment of p300, but not CBP
and PCAF, to the p2I promoter (increased 3.3-fold) in A549
cells. This recruitment of p300 to the p21 promoter is likely
dependent on p53 acetylation. For example, the binding of
p300 to the p21 promoter is 2.6-fold increased in the depsipep-
tide-treated H1299 cells transfected with wild-type p53 (Fig.
7G), but not in untransfected cells or in the cells transfected
with p53 mutated at K373R/K382R (Fig. 7E and F). This
demonstrates that p53 acetylation at K373/K382 is required for
p300 recruitment to the p27 promoter in depsipeptide-treated
cells.

Depsipeptide-induced p53 acetylation is not dependent on
p53 phosphorylation at Serl5, Ser20, and Ser392 sites. It is
well known that in certain cases a stress-induced increase in
p53 activity comes from a phosphorylation-acetylation cascade
(12, 16, 43, 63, 66). There thus is a possibility that depsipeptide
activates kinases and thereafter induces p53 acetylation in a
postphosphorylation pattern. Phosphorylation of p53 at Ser15
(reflecting ATM activity), Ser20/Thr18 (reflecting CHK2 ac-
tivity), and Ser392 (reflecting CK2 activity) was reported to be
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FIG. 8. Depsipeptide does not increase p53 phosphorylation at
Ser15, Ser20, and Ser392 sites. A549 cells were treated with depsipep-
tide (0 to 0.1 pM) for 6 h, and then protein was extracted for Western
blots by using anti-Ser15-p53 (A), anti-Ser20-p53 (B), and anti-Ser392-
p53 (C). A549 cells were irradiated with gamma rays at 8 Gy in the left
panel of each figure as p53 phosphorylation controls. a-Tubulin as a
loading control is shown under every panel.

closely related to p53 acetylation. Herein, anti-phos-Ser15, an-
ti-phos-Ser20, and anti-phos-Ser392 were selected to test
whether phosphorylation of these sites is changed by depsipep-
tide. A549 cells were irradiated with gamma rays (at 8 Gy) as
positive phosphorylation controls. Cells were treated with dep-
sipeptide at different doses (0 to 0.1 uM) for 6 h and then
harvested immediately for Western blots. Ionizing irradiation
could induce a significant induction of phosphorylated p53 at
all sites tested (Fig. 8A to C). However, p53 phosphorylation
did not occur when cells were treated with depsipeptide at
different doses, as indicated by Western blotting using anti-
phos-p53-Ser15, -Ser20, and -Ser392. These data indicate that
depsipeptide-induced p53 acetylation at K373/K382 is not de-
pendent upon prior phosphorylation at these key kinase sites.

DISCUSSION

The presented data provide evidence that the HDAC inhib-
itor depsipeptide induces p21W/<iP! expression through both
Sp1/Sp3 and p53 pathways. Posttranslational modifications of
p53 play an important role in depsipeptide-induced p21™/<ip!
expression, in which depsipeptide specifically acetylates p53
at K373/K382, which is required for p53-induced p21™W=/<ip!
expression.

Although most reports indicate that HDAC inhibitors in-
duce p21WaT/CiP! expression mainly by activating the Sp1/Sp3
pathway independent of p53 (21, 60), recent reports clearly
show that multiple factors, such as ATM (37) and c-myc (46),
are involved in the HDAC inhibitor-induced p21W/<iP! ex-
pression in several human cancer cell lines. A direct role for
p53 in HDAC-associated p21W#f/<iP1 expression has also been
reported (42). In response to DNA damage, the p53 protein
binds directly to the C terminus of Spl, a domain that was
known as a site for interaction with HDAC1 (42). HDAC1
competes with p53 to bind to the Spl domain, indicating that
HDAC inhibitors may play a role in p53-associated p21*Wa/Cipt
expression. Our data are consistent with those of others men-
tioned above, such that depsipeptide may have mechanisms
other than Spl alone to induce p21WV*™/“P! expression. For
example, p53 is also a key regulator for depsipeptide-induced
p21Wat/Cipl expression (Fig. 2A). This p53 dependence was
further supported by evidence that depsipeptide-induced
p21Wafl/Cipl expression is much enhanced, compared to un-
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transfected cells, only when wild-type p53 is transfected into
H1299 cells (Fig. 2B and C). We also tested whether the
interactions between Sp1/Sp3 and p53 or HDACI are en-
hanced after depsipeptide treatment in A549 cells by Co-IP.
However, the interactions of Sp1/Sp3-p53 or Spl-HDACI are
not changed after depsipeptide treatment (data not shown).
This implies that there may be an alternative mechanism for
p53’s role in depsipeptide-nduced p21WV*/<iPL expression.
Regardless of changes in total p53 amount after depsipep-
tide treatment, acetylated p53 was significantly increased in
this study (Fig. 3E). Intriguingly, the pattern of depsipeptide-
induced p53 acetylation is different from that of gamma ray-
induced p53 acetylation. Firstly, depsipeptide induces p53 acet-
ylation in a relative physiological condition without detectable
DNA damage. Secondly, depsipeptide-induced p53 acetylation
is site specific; for example, depsipeptide induces p53 acetyla-
tion at K373/K382 only, whereas irradiation induces p53 acet-
ylation at K320 and K373/K382 sites (Fig. SA and B). In sup-
port of these results, the histone acetyltransferase p300 (for
acetylating p53 at K373/382), but not PCAF (for acetylating
p53 at K320), was recruited to the p53 C terminus after dep-
sipeptide treatment, which is also different from radiation-
induced changes. However, there is a similarity between p53
posttranslational modifications induced by depsipeptide and
other DNA damage agents (34, 38), namely, significant exten-
sion of p53’s half-life (Fig. 4). As is well known, several specific
proteins such as MDM?2 possess an E3-like ubiquitin ligase
activity (30), which rapidly promotes degradation of p53 so as
to retain p53 at a low level in unstressed cells (19, 27, 41).
Upon irradiation or UV, posttranslational modifications of p53
result in conformational changes of p53. Specifically, p53 acet-
ylation sites K373/K382 were reported to be the same as the
sites for MDM2 binding (6, 33, 47). Consequently, MDM?2
cannot bind to p53 for degradation, and thus p53 is kept at a
high level (2, 34). These data provide a clear picture that
acetylation of p53 actually influences the function of ubiquitin-
associated p53 degradation. Consistent with this hypothesis, dep-
sipeptide-induced p53 acetylation significantly prolongs the half-
life of p53 (Fig. 4A) by decreasing p53 ubiquitination (Fig. 4B).
Another important consequence of acetylation of p53 is an
enhancement of activity for binding to its target genes, which
induces an increase in the transcriptional activities of its down-
stream targets after DNA damage (25, 49, 50, 58, 66). There
are at least two models explaining why the acetylation of p53
induces enhanced transcriptional activation towards its target
genes. The allosteric model states that the C terminus of p53 is
a negative regulator and may lock the DNA binding domain in
a latent conformation (32, 35). If the interaction between the C
terminus and the core binding domain is disrupted by post-
translational modification (such as phosphorylation and acet-
ylation), the DNA binding domain will become active, thus
inducing enhanced transcriptional activity (25, 32, 35). Consis-
tent with this model, several reports confirmed that the acet-
ylation of p53 significantly increases its sequence-specific DNA
binding activity in vivo, probably due to the acetylation-in-
duced p53 conformational changes (11, 25, 29, 49, 66). How-
ever, a recent report argues against this hypothesis by showing
that a C terminally deleted p53 is unable to bind and transac-
tivate target genes in vivo, indicating that the C terminus of p53
is a positive regulator of DNA binding and transactivation
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(56). We don’t know how to explain the discrepancy between
these data; however, both sets of experiments have confirmed
that the C terminus of p53 is required for efficient binding and
transcriptional activation of its target promoters in vivo. In our
study, abundant acetylated p53 at K373/K382 but not at K320
is bound to the p21 promoter after depsipeptide treatment
(Fig. 6A and B), indicating that the binding of acetylated p53
to the p21 promoter plays an important role in activating
p21"CiPT expression. Another model proposed by Barlev et
al. (3) focuses on recruitment of coactivators to the p2I pro-
moter but not binding activity. In this model, p53 acetylation
promotes recruitment of coactivators to their target promoters
and induces histone acetylation around the target promoters,
thereby activating transcription of target genes (3) which is
consistent with a later study (28). For example, upon irradia-
tion, levels of binding of CBP and TRRAP (transcriptional
activator) to the p2] promoter were increased two- and five-
fold, respectively, and this increased binding is due to p53
acetylation in U20S cells (3). Subsequently, acetylated his-
tones H3 and H4 are tightly bound to the p27 promoter and
thus induce increased p21W*™/<P! expression. Our data here
show that depsipeptide could recruit p300 to the p27 promoter,
but only when p53 is acetylated at K373/K382 sites (Fig. 7B, F,
and G). In addition p53 acetylation at K373/K382 enhanced
p21 promoter binding though mutated p53 and p53 acetylated
at K320 clearly do not. The differences between Barlev’s data
and ours may come from a difference of stimuli for inducing
p53 acetylation. However, our data suggest that depsipeptide-
induced p53 acetylation is an important factor for regulating
p21"ICPT expression and furthermore support the existence
of multiple mechanisms involved in p53-regulated p21"4*/<p!
expression, including enhancement of the binding of acetylated
p53 to the p21"*"/“P! promoter and recruitment of p300 to
the p21""/€P! promoter.

Finally, although both depsipeptide and TSA are well known
as HDAC inhibitors, their abilities to induce p53 acetylation
are different. TSA-induced p53 acetylation is less frequently
reported in the literature. It appears that TSA could increase
p53 acetylation together with other stress stimuli (10, 25, 50).
In contrast, in this study depsipeptide alone at low doses could
significantly induce p53 acetylation (Fig. 3E), through which
p21Watl/Cipl expression is increased. The basis of the differ-
ences between the consequences of these two HDAC inhibi-
tors in the p53/p21WH/CP! pathway may come from the evi-
dence that depsipeptide but not TSA could specifically
acetylate p53 at K373/K382 and recruit p300 to the p53 C
terminus (Fig. 5). Similarly, there is another example to explain
the difference between TSA and other HDAC inhibitors in
inducing p53 acetylation at K382: a yeast homologue of Sir2,
SIRT1, was reported to be a deacetylase of p53, and the
SIRT1-induced p53 deacetylation could be released by the
HDAC inhibitor nicotinamide but not by TSA (51, 69).
Whether depsipeptide acetylates p53 by inhibiting the activity
of SIRT1 is an interesting subject for testing in the future. This
also points out the possibility and, in fact, probability that
different HDAC inhibitors may have distinct activities, perhaps
related to preferential inhibition of specific HDAC classes or
HDAC enzymes (4). In addition, although it is likely that
depsipeptide has no ability to activate the well-known kinase-
induced phosphorylation of p53 at Serl5, Ser20, and Ser392,
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which reflects ATM, CHK2, and CK2 activity, respectively,
assayed in this study (Fig. 8), depsipeptide but not TSA may
function on an undefined kinase or phosphorylation sites by
inducing cellular stress that is not through an HDAC-depen-
dent mechanism. This possibility will also be further studied in
the future.

Depsipeptide induces p53 acetylation at K373/K382 sites,
which seems to be a key factor for activating p21*Vaf/<ipl
expression. Our results may provide a useful clue for explain-
ing the different roles of different HDAC inhibitors in treat-
ment of cancers and may help set an appropriate therapeutic
strategy for cancer treatment.
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